Asthma affects 300 million people worldwide. Most patients with chronic asthma respond well to currently available therapy. However, approximately 3-5% of patients have severe asthma (although the exact prevalence varies significantly between reported studies), with persistent symptoms and/or reduced lung function despite maximum inhaler therapy leading to significant personal and societal morbidity (1) . Severe asthma presentation is variable because of the heterogeneity in underlying mechanisms (2) ; therefore, there are broad priorities in severe asthma ranging from preventing exacerbations to improving lung function, exercise capacity, and quality of life.
The NHLBI held an Asthma Research Strategic Planning workshop in 2014 to help accelerate the translation of new discoveries to the care of patients with severe asthma. The workshop called on investigators to build on recent advances in technology and asthma pathobiology to improve severe asthma management, using precision interventions to optimize patient outcomes and reduce the public health burden of asthma (3) . More recently, the European Asthma Research and Innovation Partnership Program evaluated the research priorities for asthma through a process of multistakeholder (including patients and patient advocacy groups) consensus workshops (4) . Fifteen priorities were identified for asthma research, of which the top priority was to "identify, understand and better classify the different forms of asthma." The workshops highlighted several critical barriers to personalized medicine in asthma, including the development of better companion diagnostics of asthma subtypes, as well as structural barriers to effectiveness trials, including lack of data integration across primary and specialty care providers, as well the need for real word effectiveness trials and large-scale data registries.
In this Perspective, we discuss the critical gaps in understanding asthma subtypes and outline our perspective on both current and potential future research in severe asthma. Furthermore, we will discuss the value of, and barriers to, large-scale pragmatic effectiveness trials. Finally, we highlight the importance of collaboration in interdisciplinary large-scale consortia to enable precision medicine trials.
Bridging Critical Gaps in Understanding of Asthma Subtypes
The Definition of Severe Asthma Current definitions of severe asthma are based on the requirement for high-dose inhaled corticosteroid treatment and concurrent long acting b 2 -agonists (ICS/LABA), which may or may not accomplish disease control (1) . These definitions emphasize treatment failure with ICS/LABA, the causes of which can vary widely and are influenced by patient perception, adherence to inhaler therapy, the type of airway inflammation, and comorbidities. Although current guidelines endorse attempts to optimize comorbidities before making a severe asthma diagnosis, comorbidities may not be easy to address or can recur after they have been treated effectively. In addition, ICS/LABA failure is based on an historical precedent of existing therapy, which will no doubt change with the advent of newer therapies, such as oral (or inhaled) small-molecule inhibitors (targeted modulators).
Current therapeutic strategies in severe asthma target biological traits in the context of disease expression (e.g., monoclonal therapies for patients with eosinophilia and frequent exacerbations). Further complexity arises when recognizing that a single phenotype (e.g., the presence of eosinophilia) may be driven by multiple biological mechanisms (e.g., upstream type 2 driver cytokines, such as thymic stromal lymphopoietin [TSLP], or downstream effectors, such as IL-5, or both, promoting dysregulated type 2 immunity [endotypes]) (2) . In addition, a single endotype (e.g., airway remodeling) may be associated with multiple phenotypes (variable symptoms and, ultimately, impaired lung function and reduced exercise capacity).
Targeting Type 2 Inflammatory Pathways
Eosinophilic airway inflammation is associated with up-regulation in any or all of the classic type 2 cytokines (IL-4, -5, and -13), which may in themselves be associated with allergic IgE-driven disease and can therefore be targeted by monoclonal antibodies against any of these components, most commonly IgE or eosinophils (5, 6) .
Several biomarkers have been used to define type 2 disease, but in the absence of head-to-head trials, how can we choose the specific feature to target? For example, in an atopic individual with elevated IgE, fractional exhaled nitric oxide, and eosinophilia, who does not improve on treatment with one anti-IL-5 antibody, should we try IL-5R (IL-5 receptor) inhibitor therapy, switch to an IL-4/13 inhibitor, or use anti-IgE? Or should we combine biologics? An additional challenge is the suppression of some of the biomarkers by high-dose inhaled (or systemic) corticosteroid therapy masking the phenotype of interest (Figure 1 ).
The development of monoclonal antibodies against upstream targets of type 2 immunity such as TSLP and IL-33/ST2 receptor may paradoxically challenge the concept of personalized medicine, as early evidence with these compounds suggests that patients both with and without clinically detectable type 2 disease respond to treatment (6, 7) .
There are drugs in development that can regulate bone marrow eosinophil differentiation via non-IL-5 receptordependent mechanisms such as dexpramipexole, (8) and tyrosine kinase inhibitors such as imatinib, JAK-STAT (Janus kinase-signal transducer and activator of transcription) inhibitors (9, 10) that may have benefits in asthma independent of targeting type 2 cytokines. Consequently, basic research to fully elucidate type 2 pathways in severe asthma, combined with the development of more precise companion diagnostics that dissect these pathways, are urgently required. Figure 1 . Existing and emerging therapeutic approaches to target type 2-high severe asthma. Specific therapies are outlined in the context of commonly rehearsed paradigms of type 2 disease in the airway mucosa of patients with severe asthma. The proliferation of licensed therapeutic approaches alongside a thriving pipeline of earlier-phase therapies will require a number of approaches to bridge evidence gaps that extend beyond conventional randomized controlled trials. These include large pragmatic trials and real-world severe asthma multinational registries embedded within multinational research consortia. APC = antigen-presenting cell; ILC2 = group-2 innate lymphoid cell; JAK/STAT = Janus kinase-signal transducer and activator of transcription; KIT = proto-oncogene c-kit; PGD2 = prostaglandin D2; TH = T-helper cell; TSLP = thymic stromal lymphopoietin; TSLPR = thymic stromal lymphopoietin receptor.
Non-type 2-driven disease is currently defined by the absence of clinically measurable type 2 inflammation. Given the lack of specific biomarkers and heterogeneity of patient populations, targeting non-type 2 severe asthma remains problematic (11) .
Potential Approaches to Targeting Non-Type 2 Severe Asthma
Potential mechanisms leading to non-type 2 severe asthma include T-helper cell type 17 (Th17) immunity with production of IL-17 family cytokines (IL-17A, IL-17F, and IL-22) that play an important role at mucosal barriers in antimicrobial defense (12) . Clinical trials of IL-17 inhibition demonstrated disappointing results (13); however, monoclonal antibodies targeting key cytokines (IL-6, IL-21, and IL-23) that contribute to Th17 cell formation are being evaluated as treatment for neutrophilic diseases (e.g., Crohn's disease and psoriasis) (14) .
Recent evidence suggests that type 2 and Th17-dependent immunity may be reciprocally related in asthma. In particular, treatment with corticosteroids for asthma may promote the emergence of Th17 immunity (15) . Neutrophils are key effector cells in non-type 2 asthma, because of the potent induction of neutrophil chemoattractant CXCL8 (chemokine [C-X-C motif] ligand 8) produced by a range of cells that express the IL-17 receptor (e.g., eosinophils, fibroblasts, and epithelial cells). However, a recent trial of the oral neutrophil CXCR2 (C-X-C motif chemokine receptor 2) antagonist in patients with a blood neutrophilia did not demonstrate an impact on exacerbations despite its clear biological effect demonstrated by a clear dosedependent reduction in circulating neutrophil counts (16) . Therefore, therapeutic approaches that extend beyond modifying inflammation may be required.
There is a well-recognized association between microbes and asthma, with several bacterial species (e.g., Haemophilus influenzae and Moraxella catarrhalis) cultured from the airways of stable patients with asthma (17) .
However, in recent years, 16s ribosomal RNA gene sequencing, a culture-independent technique, has revolutionized the field of microbiology with the identification of a resident lung microbiome. Enrichment of members of the Proteobacteria phylum have been described as consistent features in sputum samples of patients with mild to moderately severe asthma (reviewed in Reference 18) with a dominance of the genera Haemophilus, and Streptococcus and Moraxella catarrhalis in severe asthma (17, 18) . More recently, patients with severe asthma with a neutrophilic phenotype were found to have an abundance of Proteobacteria (Haemophilus and Moraxella), loss of microbial diversity, and a distinct airway ecology when compared with patients who had eosinophilic asthma (19) . Furthermore, Th17 epithelial gene expression was associated with Proteobacteria dysbiosis (20) . These observations suggest that dysbiosis of Proteobacteria in the asthmatic airway may promote Th17, neutrophilic, corticosteroid-insensitive inflammation.
A recent placebo-controlled clinical trial of azithromycin in moderate to severe asthma demonstrated the largest impact on exacerbations in patients who had frequent exacerbations or a sputum culture that was positive for bacteria. The effect on exacerbations was seen in patients across the spectrum of blood eosinophilia, implicating pathogenic bacteria and airways dysbiosis as a driver of asthma exacerbations independently of inflammatory phenotype (21) . Interestingly, bacterial diversity of the microbiome in sputum samples was not a predictor of response to azithromycin, highlighting the need for robust biomarkers of airways dysbiosis in asthma trials that attempt to target the microbiome. Furthermore, azithromycin has wellrecognized antiviral and antiinflammatory properties, rendering it difficult to dissect the precise mechanism of its effect on exacerbations.
As a consequence, further trials are required to identify whether modification of specific patterns of airway dysbiosis (e.g., Proteobacteria dysbiosis), with antibiotics that do not have well-recognized antiviral or antiinflammatory properties, reduces asthma exacerbations in patients with severe asthma. Furthermore, the relationship between dysbiosis and the host (e.g., impact on structural lung damage over time and inflammatory response) needs to be further characterized in longitudinal clinical studies.
Several novel approaches beyond antibiotics that may modify dysbiosis, including phage therapies, prebiotic nutrients, microbe-derived products (bacterial extracts, immune stimulants), and specific live microbial species (probiotics) may represent novel therapeutic avenues in the future.
Targeting the Airway Smooth Muscle
Airway smooth muscle (ASM) expansion and dysfunction are important aspects of the asthma paradigm and drivers for airway hyperresponsiveness and symptoms. However, there are few therapies beyond bronchodilators that target this aspect of disease. Bronchial thermoplasty (BT) offers the potential opportunity to treat this aspect of disease, as clinical trials have reported reduction in exacerbations with acceptable safety (22) (23) . From a mechanistic perspective, imaging studies have demonstrated that BT significantly reduces airway wall thickness (without a change in airway luminal or total airway diameter) and reduces gas trapping (24) . Interestingly, a recent computational modeling study suggests that the thermal energy delivered by the thermoplasty catheter does not fully penetrate the ASM bundle with an impact on epithelial wound healing (25) , raising the intriguing possibility that the ASM effects seen in biopsy studies of BT may also include non-smooth muscle target cells, such as airway epithelial cells. An alternative hypothesis supported by histological data from bronchial biopsies is that the effect of BT is mediated by its impact on cholinergic nerves within the airway epithelium (26) .
Currently, the place of bronchial thermoplasty in the treatment pathway for severe asthma needs better definition. Furthermore, newer approaches, such as targeted bronchial thermoplasty to remodeled airways and using BT paired with monoclonal therapy, offer potentially intriguing possibilities, but their outcome is unknown at this point.
Targeting Mucus Hypersecretion
An alternative target in asthma that may occur in both the presence and absence of type 2 inflammation is mucus hypersecretion. Recently, quantitative imaging has been applied using computed tomography to develop validated mucus plugging scores in severe asthma (27) ; with advent of novel inhaled and oral mucolytics (28) and biologics that target IL-13-driven goblet cell metaplasia, it will be interesting to see whether stratified approaches targeting mucus become more prevalent in severe asthma over the coming years.
Targeting the Systemic Inflammation of Obesity
Obesity is a key risk factor for developing severe asthma, and patients with severe asthma are frequently characterized by high body mass index and other obesityassociated comorbidities. Because obesity induces a state of low-grade systemic inflammation, it is intriguing to consider the possibility that obesity-associated inflammation may cause airway pathology in asthma. In support of this hypothesis, recent work demonstrated that systemic increases in plasma IL-6 levels are associated with poor outcomes of asthma control, including worse asthma symptom scores, lower lung function, and increased asthma exacerbation rates (29) . Furthermore, a recent randomized sham controlled clinical trial conducted over 3 months comparing a structured weight loss intervention program with or without exercise (aerobic and resistance training) (30) demonstrated broad benefits (compared with sham) with improvements in asthma control and greater weight loss in the exercise group. The exercise group also demonstrated a reduction in a range of proinflammatory chemokines (e.g., IL-6, IL-10) and adipokines (e.g., leptin and adiponectin). Thus, treatments (both pharmacological and nonpharmacological) that inhibit this systemic inflammation of obesity are potential targets for severe asthma.
Proliferation of Therapeutic Choice: Impact on Clinical Trial Design
The recognition of the severe eosinophilic asthma phenotype (5) and the proliferation of monoclonal antibody-based therapeutics to target this inflammatory phenotype (Figure 1 In addition, the increasing pharmacopeia in severe eosinophilic asthma, promise of early-phase antibodybased therapeutics, biosimilars, and non-antibody-based oral small molecule kinase inhibitors (9, 10), coupled with the need for cognate testing of these agents in clinical trials, may complicate the design and treatment choice in future clinical trials. An early exemplar of competing choice in severe eosinophilic asthma is that approximately 50% of patients with severe asthma are typically eligible for both omalizumab and IL-5-targeting biologics (35) . In the absence of prospective comparative trials of omalizumab in eosinophilic patients or anti-IL-5 in patients with allergic sensitization, large registry studies and post hoc evaluations of existing phase III trials have been performed to determine the optimal of choice of therapy and biomarker(s) in these patients (36, 37) . However, these studies have produced conflicting results, with a recent indirect treatment comparison of anti-IL-5 with anti-IL-5R biologics reporting superiority of anti-IL-5 therapy (38) . Given the heterogeneity in patient characteristics and study design in these trials, we call for prospective pragmatic clinical trials (including treatment switching trials) with head-to-head comparisons. One such trial currently registered on clinical trials.gov (PREDICTUMAB [39] -evaluating the comparative efficacy of omalizumab and mepolizumab in patients eligible for both drugs) is currently underway in the Belgian severe asthma network, with the potential to adapt the trial protocol for other countries according to local licensing criteria. A more formal adaptive trial design has been called for in the National Institutes of Health recently funded study PrecISE (Precision Interventions for Severe and/or Exacerbation-prone Asthma), which is expected to start enrolling patients in 2019. However, such sequential treatment trials are inherently difficult to use for comparing multiple biologics because of the potential for incomplete washout of the first biological agent.
Future challenges in the delivery of severe asthma clinical trials may be predicted by drawing analogies to cancer therapeutics, where pharmacopeia has outstripped the capacity to test new drugs (40) . This issue, when coupled with two additional factors, 1) the proliferation of competing compounds targeting the same biological pathways (e.g., immunotherapies targeting PD-1 (programmed cell death protein 1) in a range of solid organ cancers [41] ), and 2) the limited number of patients seen at clinical centers that can conduct such sophisticated trials, are likely to make testing the next generation of severe asthma therapies far more complex without novel approaches to study design and collaborations.
Potential Solutions: Next-Generation Severe Asthma Trials A potential response to these challenges is the implementation of standardized international severe asthma registries (42) that systematically capture clinical care in severe asthma, to better understand the implications of regional/national variations in care. Such registries would ideally require alignment of data capture to allow curation of data across countries. Additional coupling of disease registries with capability cluster information of individual severe asthma centers and networks within countries would facilitate the conduct of pragmatic clinical trials.
In addition, development of a standardized clinical care pathway framework for severe asthma (43) , outlining the key baseline assessment for accurate diagnosis, evaluation of adherence, optimization of comorbidities, and ultimately the position of monoclonal therapies, would facilitate the development of a "standard-of-care arm" in pragmatic severe asthma trials. An ideal care pathway would be a live and iterative document with periodic revisions as evidence becomes available from clinical trials and disease registries. The severe asthma international community has taken steps to develop such a pathway framework, having published several joint guidelines for definition and evidence-based management of severe asthma (1). Furthermore, the European Respiratory Society has established a number of clinical research collaborations across Europe (44) to facilitate pragmatic clinical trials, including a clinical research collaboration in severe heterogeneous asthma.
The delivery of pragmatic trials requires the development of robust early stopping rules when biologics are deemed to be failing. Cognate with this ambition is the requirement to develop theragnostic biomarkers of treatment response or failure. Promising advances in the field include the development of composite endpoints of asthma deterioration (45) using daily diary data with the potential for digital integration of real-time data on treatment adherence from smart inhalers and connected devices. The potential advantage of such systems is earlier recognition of exacerbation events that fail to meet the international consensus criteria for a moderate to severe exacerbation. The concurrent quantification of controller medication adherence would allow determination of whether apparent lack of efficacy was due to lack of adherence. The development of reproducible biomarkers requires considerable efforts to harmonize protocols across severe asthma trials. One successful example in this area was the Unbiased Biomarkers in Prediction of Respiratory Disease Outcomes-Innovative Medicines Initiative-funded consortium that sought to develop fingerprints and handprints of severe asthma using multiomics approaches (46) . Standardization of operating procedures for sample collection across participating centers for multiplatform omics was an enabler of precision medicine and led to the successful development and "pull through" of a urinary prostanoid (2-3-dinorprostaglandin F-2a) for the stratification of omalizumab response or failure in a pragmatic clinical trial delivered in severe asthma centers in the United Kingdom (47) . Efforts to allow sample sharing across consortia with appropriate ethics committees' approval are required at the inception stage of clinical protocols. This is particularly important considering new European general data protection regulations and trans-Atlantic efforts for data sharing and compliance.
The Patients' Goal(s): "Which Type of Asthma Do I Have and How Can It Be Treated Best with the Fewest Side Effects"?
The final and most important triangulation (beyond addressing trial design methods and structural delivery barriers) factor for successful next-generation severe asthma trials is the participation of patients. Setting the research agenda in severe asthma must be patient centered, such that the key goals of the scientific community are aligned with those of the patients. In the development of this Perspective article, a workshop with patient advocacy from the Allergy and Asthma Network in the United States identified the critical need to develop therapies for asthma that allow withdrawal of maintenance oral steroids, because of their intolerable and often toxic side-effect profile. Furthermore, the advent of monoclonal therapies highlighted that maintenance oral steroid use should be regarded as a "treatment failure" in severe asthma.
Historically, patient participation in trials has been relatively low (3-5% in cancer) (48) , an experience that has been borne out in severe asthma in the authors' opinion. The development of severe asthma trial networks focusing on pragmatic platform trials should enable patients with severe asthma to receive therapies under a clinical trial indication even when they do not meet the criteria for a licensed monoclonal or enter trials of sequential monoclonal antibodies. An optimal model of care would be to embed (46) consortia, and in each case key enabling approaches and methods (e.g., developing a shared common vision, task orientation, creating a "safe space" for participation, and frequent communication) led to successful long-term consortium outcomes. We propose that similar approaches that harness diversity with a view to developing a common shared vision are key to delivery of the next generation of pragmatic severe asthma clinical trials within public-private partnerships.
clinical trials within the severe asthma treatment pathway with seamless integration, such that all patients are offered participation in a clinical trial. Such trials may include personalized approaches to treatment selection, nonpharmacological measures such as dietary modifications, interventions to optimize patient adherence, and systematic approaches to addressing comorbid factors before considering biologics. The clinical trials being planned as part of the PrecISE network include such an adaptive platform design that will allow identification of novel therapies that are effective in biomarkerdefined patients with severe asthma.
The Need for and the Sociology of Collaboration
In recognition of the growing societal challenges, the complexity of health care, and the need for more precision medicine approaches, the American Academy of Arts and Sciences called for more multidisciplinary research in contrast to "siloed" approaches (49) . Future advances in novel therapeutics will necessitate larger collaborations that are best developed by academic, foundation, and industry collaborations (50) . There are now approximately 500 life sciences research consortia (51) . There has also been a call for the development of more research and better understanding of "consortium science" (52) . It is somewhat intuitive that multidisciplinary teams have more knowledge, skills, abilities, and access to resources and thereby should perform better. However, just getting multiple disciplines together is not enough. Multidisciplinary teams produce higherquality innovation only when the team follows a set of processes such as having a shared vision, frequent interactions, encouraged participation, and task orientation (53) . Larger teams also produce higher quality innovation, but only when they follow a set of processes ( Figure 2 ). Experience bears this out to be true. The Unbiased Biomarkers in Prediction of Respiratory Disease Outcomes-Innovative Medicines Initiative and Severe Asthma Research Program projects have been deemed as highly successful collaborative projects (54) .
Therefore, future joint efforts in severe asthma clinical trials will reach their full potential only if they follow established principles for collaboration in a consortium.
Conclusions
In summary, patients with severe asthma comprise a small proportion of patients with asthma who have failed the standard treatments with high-dose ICSs and a second controller. The past 3 decades have seen significant strides in improved understanding of the disease pathobiology and development of a number of biologics targeting type 2 inflammation. Despite these major strides, half the patients continue to experience asthma exacerbations and suboptimal control. Therefore, there remain significant major unmet needs in treating patients with severe asthma. Future advances are likely to require parallel advances in biomarker identification and defining endotypes and partnership with patients, the pharmaceutical industry, and payers. The recognition of the important clinical needs and commitment of the funding agencies to support research in this area have opened the doors for exciting potential opportunities for transatlantic collaborations on future clinical trials to optimize care of severe asthma. n Author disclosures are available with the text of this article at www.atsjournals.org.
